Hepatocellular carcinoma is a highly lethal cancer that typically has poor prognosis. Prognostic markers can help in its clinical management and in understanding the biology of poor prognosis. Through an earlier gene expression study, we identified N-Myc downregulated gene 1 (NDRG1) to be significantly highly expressed in hepatocellular carcinoma compared to nontumor liver. As NDRG1 is a differentiation-related gene with putative metastasis suppressor activity, we investigated the clinical significance of its overexpression. Quantitative realtime polymerase chain reaction using an independent set of patient samples confirmed the significant overexpression of NDRG1 in hepatocellular carcinoma compared to nontumor liver samples (Po0.001). Additionally, high levels of NDRG1 transcript correlated with shorter overall survival (Po0.001), late tumor stage (P ¼ 0.001), vascular invasion (P ¼ 0.003), large tumor size (P ¼ 0.011), and high Edmondson-Steiner histological grade (P ¼ 0.005). Using immunohistochemistry, NDRG1 protein was found to be significantly overexpressed in hepatocellular carcinoma samples compared to nontumor liver or cirrhotic and benign liver lesions (Po0.001). Among the hepatocellular carcinoma samples, those which are moderately and poorly differentiated express higher levels of NDRG1 protein than those which are well-differentiated (Po0.005). Additionally, hepatocellular carcinomas with vascular invasion also express elevated levels of NDRG1 protein compared to those without vascular invasion (significant at Po0.005). Our results suggest NDRG1 to be a likely tumor marker for hepatocellular carcinoma, the overexpression of which is correlated with tumor differentiation, vascular invasion, and overall survival. Its significantly elevated expression in hepatocellular carcinoma could be a useful indicator of tumor aggressiveness and therefore patient prognosis. Modern Pathology (2007) 20, 76-83.
N-Myc downstream regulated gene 1 (NDRG1; also known as Drg-1, Cap43, RTP) is a ubiquitously expressed member of the NDRG family. Regulation of its expression is extremely complex since diverse physiological and pathological conditions (such as hypoxia, cellular differentiation, heavy metal, N-myc, neoplasia) modulate not only NDRG1 transcription, but also its mRNA stability and translation. 1 Its diverse regulatory mechanisms and multiple cellular localizations suggest functional involvement in multiple cellular processes. NDRG1 has been proposed to be a signaling protein shuttling between the cytoplasm and nucleus to govern important functions such as growth arrest and cellular differentiation. 2 Most notably, NDRG1 is strongly upregulated by hypoxia, [3] [4] [5] a condition prevalent in solid tumors. Indeed, the overexpression of NDRG1 has been observed in various types of solid tumors, such as those of the lung, brain, skin, kidney, liver, and breast, 4, 6 and could possibly offer an adaptive and protective mechanism for tumor cells to continue growing under anoxic environments. The hypoxic regulation of NDRG1 can occur via hypoxia-inducible factor 1 (HIF-1) dependent as well as HIF-1 independent pathways; its expression is therefore not limited to tissues expressing HIF-1. Additionally, since NDRG1 protein is more stable than HIF-1 protein, NDRG1 has been touted as a better tumor marker than HIF-1. 4 Overexpression of NDRG1 in hepatocellular carcinoma has been consistently observed by our group 7 and others, 8, 9 and appears to be related to hepatocarcinogenesis regardless of the underlying cause (whether or not it is related to chronic hepatitis B or C, the major risk factors of hepatocellular carcinoma). Indeed, the nonstructural protein NS5A of the hepatitis C virus was identified to interact with NDRG1, 10 implying a possible role of NDRG1 in the signaling pathways leading to hepatocellular carcinoma. Notably, NDRG1 expression appears to be associated with hepatocellular carcinoma tumor differentiation grade. 8 These observations prompted us to further examine the clinical utility of NDRG1 as a tumor marker, and its possible association with other indicators of patient prognosis.
Materials and methods

Gene Expression Data Analysis
Gene expression data based on our earlier study 7 were retrieved from the Stanford Microarray Database according to the following selection criteria: all nonflagged spots with 41.5-fold intensities over local background in either channel, 75% good data, and genes whose log (base 2) of red/green normalized ratio (mean) was greater than 3-fold for at least four arrays. The resulting data for 4841 cDNA clones in 75 liver tumor and 72 nontumor liver tissues were uploaded onto the web-based microarray data analysis program GABRIEL (Genetic Analysis By Rules Incorporating Expert Logic; http://gabriel. stanford.edu) for further analysis.
GABRIEL is a rule-based computer program designed to apply domain-specific and procedural knowledge systematically for the analysis and interpretation of data from DNA microarrays. 11 In the Chen et al study, 7 both the tumor samples (T) and nontumor samples (N) were compared to a pooled universal cell line reference (U) such that expression ratios were represented as log 2 (T/U) and log 2 (N/U), respectively. In order to derive more biologically meaningful data, we rescaled the data set such that the relative T vs N expression ratios (log 2 (T/N)) is calculated by log 2 (T/U)Àlog 2 (N/U). If a hepatocellular carcinoma sample did not have a corresponding nontumor sample, the global mean of the nontumor gene expression ratios were used. We used the t-score pattern based rule to identify genes which are significantly differentially expressed between tumor and nontumor liver tissues; the tscore (average/standard deviation) allows variability among samples to be taken into consideration during the calculation.
Quantitative Real-Time PCR
Quantitative real-time PCR was performed as described. 12, 13 Briefly, quantification was performed using the ABI Prism 7700 sequence detection system (Applied Biosystems, Foster City, CA, USA). Human 18s rRNA primers and probe reagents (Pre-Developed TaqMan Assay Reagents, Applied Biosystems, Foster City, CA, USA) were used as the normalization control for subsequent multiplexed reactions. Primers and probe for NDRG1 were NDRG1_F, 5 0 -GCC GCC TCC AAG ATC TCA-3 0 ; NDRG1_R, 5 0 -ACG TTA CTC TGC ATT TCT TCC TTC-3 0 ; and NDRG1_P, 5 0 -CCC AAG CTC TGC CGG-3 0 . Transcript quantification was performed in at least duplicates for every sample. The relative amount of NDRG1, which had been normalized with control 18s for RNA amount variation and relative to calibrator, was presented as the relative fold change in log base 2). The calibrator control was the sample with baseline level of the transcript within the normal liver sample series. The NDRG1 level was expressed as DDC t , where DDC t ¼ðC t ðNDRG1ÞÀC t ð18sÞÞ calibratorÀ ðC t ðNDRG1ÞÀC t ð18sÞÞ test sample.
Statistical Methods
The gene expression data of NDRG1 obtained by quantitative real-time PCR data were considered continuous variables. The data were modeled as categorical variable in the Kaplan-Meier and Cox regression analyses. The Youden index (sensitivity þ specificityÀ1) 14 was used to determine the optimal cutoff point of NDRG1 expression for the prediction of overall survival. The Youden index was used to maximize the sensitivity (true positive fraction) and specificity (1Àfalse positive fraction) of the prediction simultaneously. The association of NDRG1 transcript level and clinicopathological features with overall and disease-free survival was examined by multivariate Cox proportional hazards regression using the forward stepwise selection procedure. The NDRG1 transcript levels and their associations with clinicopathological variables were assessed by Fisher's exact test. The statistical analyses were aided by the SPSS version 12.0 software package (SPSS Inc., Chicago, IL, USA). Differences were considered significant when P-value is less than 0.05.
Immunohistochemistry
Immunohistochemistry was performed using microwave heat induced epitope retrieval in citrate buffer as previously described. 15 In order to avoid interference from endogenous biotin, a biotin-free method, EnVisiont was used for amplification of the signal (Dako, Carpinteria, CA, USA). Rabbit polyclonal affinity-purified antipeptide antisera against NDRG1 were generated by Applied Genomics Inc. (Sunnyvale, CA, USA).
We used four tissue microarrays for this study, which consisted of archived tissues retrieved from surgical pathology files. In total, there were 23 normal livers and 120 malignant hepatocellular carcinomas, among other control tissues. Tissue arrays were constructed as previously described, 16, 17 with core sizes ranging from 0.6 to 2 mm on different arrays. Arrays were scored using a four-tier scale: 0-negative (no staining), 1-equivocal, 2-weak positive (weak to moderate intensity in any percentage of tumor cells), and 3-strong positive (strong intensity in at least 50% of tumor cells).
Results
NDRG1 Transcript is Significantly Overexpressed in Hepatocellular Carcinoma Compared to Nontumor Liver
In an earlier gene expression study of hepatocellular carcinoma, NDRG1 was among the B1600 genes observed to be differentially expressed in hepatocellular carcinoma compared to nontumor liver tissue. 7 We used a more stringent and biologically relevant analytical approach to verify this observation: first, we rescaled the data set such that the relative tumor (T) vs nontumor (N) expression ratios (log 2 (T/N)) is calculated by log 2 (T/U)Àlog 2 (N/U), where U is the pooled cell line reference used in the microarray study. If a hepatocellular carcinoma sample did not have a corresponding nontumor sample, the global mean of the nontumor gene expression ratios were used. We then used a t-score pattern based algorithm to find genes satisfying the pattern of being upregulated in tumor compared to nontumor, using a t-score greater than 2. The t-score is a measure of variability (average/standard deviation), and thus provides an indication of the consistency of the expression values across all samples. NDRG1 (t-score 4.697) is among the 1616 genes satisfying this condition; the high t-score implies consistent upregulation of the gene across tumor samples compared to nontumors (Figure 1a) .
We used quantitative real-time PCR assays to validate the observed upregulation of NDRG1 in hepatocellular carcinoma using an independent set of patient samples consisting of 10 normal liver tissues, 59 hepatocellular carcinoma tissues, and 59 matched adjacent nontumor liver tissues. NDRG1 was found to be expressed at significantly higher levels in hepatocellular carcinomas compared to adjacent nontumors (Po0.001) and normal livers (Po0.001). There was no significant difference between nontumors and normal livers (P ¼ 0.880) (Figure 1b) .
Overexpression of NDRG1 Transcript in Hepatocellular Carcinoma Correlates with Poor Patient Survival
We investigated the association between NDRG1 expression and patient survival using the KaplanMeier analysis. Patients were segregated into low or high NDRG1 level groups, using the Youden index to determine the optimal cutoff value, which was 6.52 for risk segregation. There were 18 deaths Figure 1 (a) Relative expression of NDRG1 in hepatocellular carcinoma tumor compared to nontumor liver. Of the total of 75 patients, 57 are matched hepatocellular carcinoma and nontumor liver samples. In the study by Chen et al, 7 both the tumor samples (T) and normal tissue samples (N) were compared to a pooled universal cell-line reference (U) such that expression ratios were represented as log 2 (T/U) and log 2 (N/U), respectively. The relative T vs N expression ratios (log 2 (T/N)) depicted here is calculated by log 2 (T/U)Àlog 2 (N/U). If a hepatocellular carcinoma sample did not have a corresponding nontumor sample, the global mean of the nontumor gene expression ratios were used. The relative abundance of transcripts of each gene is represented by the color scale at the bottom right corner. (b) Quantitative real-time PCR measurement of NDRG1 transcript confirmed its significant overexpression in tumor compared to adjacent nontumor liver and normal liver.
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M-S Chua et al (37.5%) within the group of 48 patients with low NDRG1 levels (range: 2.13-6.50), and 9 deaths (81.8%) within the group of 11 patients with high NDRG1 levels (range: 6.54-8.54). Patients with high NDRG1 levels had a significantly shorter overall survival than those with low levels (log-rank test, Po0.001) (Figure 2 ). Cox regression analysis was used to compare the NDRG1 levels with clinicopathological features of survival prediction. By univariate Cox regression analysis, high NDRG1 level, vascular invasion, and late tumor stage were significantly associated with poor overall survival ( Table 1) . By multivariate Cox regression analysis, only high NDRG1 level and vascular invasion were independent prognostic factors for overall survival ( Table 1) .
Overexpression of NDRG1 Transcript is Associated with Indicators of Poor Prognosis in Hepatocellular Carcinoma
As NDRG1 levels were observed to correlate with overall patient survival, we further examined the associations of NDRG1 transcript levels in tumor tissues with clinicopathological features indicative of poor prognosis in hepatocellular carcinoma. We found that upregulation of NDRG1 transcript was significantly associated with late tumor stage (P ¼ 0.001), large tumor size (P ¼ 0.018), vascular invasion (P ¼ 0.004), and high Edmondson-Steiner histological grade (P ¼ 0.012) ( Table 2) .
There was no association between NDRG1 transcript level and gender, age, HBsAg positivity, liver cirrhosis, or tumor encapsulation.
NDRG1 Protein Overexpression in Hepatocellular Carcinoma Correlates with Tumor Differentiation Grade and Vascular Invasion
Immunohistochemistry of liver tissue arrays further confirmed the overexpression of NDRG1 protein in liver tumor tissues compared to nontumor liver (Po0.001), and to cirrhotic liver and other benign liver tumors (such as focal nodular hyperplasia, hemangioma, and adenoma) (Po0.001) (Table 3A; Figure 3 ). Expression of NDRG1 was observed in both the membrane and cytoplasm of malignant hepatocytes, and varied in intensity and extent of staining in different tumors.
NDRG1 was initially discovered as a differentiation-related gene, and has been reported to be Figure 2 Kaplan-Meier overall survival plot based on NDRG1 transcript levels (log-rank test, Po0.001). associated with tumor differentiation in hepatocellular carcinoma. 8 We further investigated this association in our patient cohort, and observed that NDRG1 expression was significantly higher in poorly differentiated hepatocellular carcinoma than in well-and moderately differentiated hepatocellular carcinomas combined (Po0.005) (Table 3B; Figure 3 ). Moreover, well-and moderately differentiated hepatocellular carcinomas tend to show membrane staining, whereas poorly differentiated hepatocellular carcinomas tend to show both membrane and cytoplasmic staining. There was no statistical significance between cellular localization of NDRG1 and tumor differentiation grade.
Of particular clinical importance is the observation that NDRG1 expression correlates with the presence of vascular invasion at both the transcript (Table 2 ) and protein levels (Po0.005) (Table 3C; Figure 3 ). As vascular invasion is a strong prognostic indicator of poor patient survival, the overexpression of NDRG1 may contribute towards the aggressiveness of this group of tumors.
No significant association was observed between NDRG1 expression/localization and other clinicopathologic parameters, such as a-fetoprotein level, tumor size, or tumor recurrence.
Discussion
Hepatocellular carcinoma, the primary adult liver malignancy, is the third leading cause of cancer deaths worldwide. 18, 19 The majority (70-85%) of hepatocellular carcinoma cases arise from chronic infections with hepatitis B virus or hepatitis C virus, with other nonviral causes playing much lesser roles. 20, 21 Hepatocellular carcinoma is particularly challenging to treat because patients do not have overt symptoms until the disease is in its advanced stages, making treatment difficult and ineffective. In most cases, curative therapy can be achieved only by surgical hepatic resection; even with surgical resection, the 5-year survival rate is poor (about 35%). Clinically, high tumor differentiation grade and the presence of vascular invasion are significant independent predictors of patient survival. 22, 23 An earlier study by our group generated gene expression profiles of hepatocellular carcinoma in order to increase our understanding of the molecular pathophysiology of hepatocellular carcinoma, as well as to identify genetic fingerprints with diagnostic or prognostic significance. 7 We reanalyzed these gene expression profiles using GABRIEL in order to extract biologically and clinically meaningful results, and identified NDRG1 as one of the most significantly upregulated genes in hepatocellular carcinoma when compared to nontumor liver. The significantly elevated expression of NDRG1 in hepatocellular carcinoma was further validated by quantitative real-time PCR in an independent set of patients. Additionally, high levels of NDRG1 transcript was found to be significantly correlated with short overall survival, late tumor stage, large tumor size, the presence of vascular invasion, and high histological grade.
Most importantly, the overexpression of NDRG1 transcript in hepatocellular carcinoma was reflected at the protein level (as detected by immunohistochemistry in our tissue arrays), suggesting utility as a histologic tumor marker of hepatocellular carcinoma. Its ability to differentiate between hepatocellular carcinoma tissues and cirrhotic liver further adds to its clinical value as a diagnostic marker. Additionally, the expression of NDRG1 protein was strongly correlated with the tumor differentiation grade, and implies some functional significance of NDRG1 in tumor progression. In agreement with our observation, Wamunyokoli et al 24 reported that the expression of NDRG1 is dependent of tumor grade in esophageal cancer.
Hepatocellular carcinoma is a highly vascular and proliferative tumor. As vascular invasion is an important step towards tumor spread and metastasis, it is an independent prognostic indicator of recurrence and long-term survival of hepatocellular carcinoma patients. 25, 26 Many factors modulate the propensity of malignant tumors for vascular invasion, of which altered cell-cell and cell-matrix interactions play a critical role. [27] [28] [29] Additionally, factors involved in angiogenesis (eg vascular endothelial growth factor receptor), 25 cell differentiation and growth arrest (eg annexin A10), 30 tumor 
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M-S Chua et al suppression (eg p53), 31, 32 and modifications of the extracellular matrix (eg matrix metalloproteinases) [33] [34] [35] play equally important roles in vascular invasion and tumor spread. Our observation that NDRG1 overexpression in hepatocellular carcinoma correlates significantly with vascular invasion suggests a role of NDRG1 in the spread of this tumor, and its role as a prognostic indicator of hepatocellular carcinoma patient survival. However, a recent study reported that NDRG1 suppresses in vitro invasion of hepatoma cells, 36 which contradicts our clinical observations. 
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The overexpression of NDRG1 in various types of cancers has been reported. 3, 4 Functionally, NDRG1 has been implicated as a metastasis suppressor. In prostate cancer, downregulation of NDRG1 was reported to correlate with advancement and metastatic progression of the disease. 37 A similar putative metastatic suppressor gene function for NDRG1 has also been suggested in human colon cancer. [38] [39] [40] However, another study by Wang et al 41 contradicts these earlier studies by showing that the expression of NDRG1 gradually increases during colorectal carcinogenesis and that NDRG1 might be a putative tumor metastasis promoter gene. Possible mutations at both the transcriptional and translational levels may account for these discrepancies in its roles in cancer. Specifically, NDRG1 is reported to be a multiphosphorylated protein; 42, 43 the role of phosphorylation is unknown but speculated to be related to the multitude of physiological functions of NDRG1.
In conclusion, NDRG1 is a potential tumor marker of hepatocellular carcinoma, the overexpression of which is also correlated with overall survival, late tumor stage, large tumor size, tumor differentiation grade, and vascular invasion. As patients with highgrade tumor and vascular invasion tend to have poorer prognosis, it is logical that NDRG1 may serve as a strong prognostic indicator of hepatocellular carcinoma. Additionally, the possibility of regulating NDRG1 expression levels via multiple pathways makes it a potential therapeutic target in hepatocellular carcinoma. Full characterization of the biological functions of NDRG1 in human hepatoma cell lines is underway to investigate the complex roles it may play in the process of hepatocarcinogenesis, and how it may be exploited for the clinical management of hepatocellular carcinoma.
